Flow around a living tree was investigated as basic research of a windbreak forest. A type of conifer, which is named "goldcrest," was used as the test piece in a wind tunnel experiment. The drag coefficient of the living tree was measured in the range of a mean flow velocity of 5∼15 m/s. The drag coefficient of the living tree was less than that of a two-dimensional circular cylinder. Because flow passes through the tree's crown which has the permeability of branches and leaves, the drag coefficient was decreased as the flow velocity was increased. Moreover, the flexibility is that the bole of a living tree also plays an important role in drag reduction, bending itself so as to decrease the projected area. In the wake behind the living tree, reverse flow was found at further downstream region than the case of a circular cylinder.
Introduction
In 2004, Japan experienced many typhoons. The strong wind of the typhoons blew down many trees and buildings and brought serious damage, such as the widespread collapse of trees and secondary disasters in various places. The damage caused by these typhoons was huge. As one dangerous event of concern to us, old and rotten trees on roadsides and in parks fell down in the strong wind, causing injury to people and damage to cars. So, we asked the following questions. How much wind velocity is required to blow down a living tree? How much is the drag coefficient of a living tree in the wind?
The aim of this study was to investigate the flow around a living tree. It seems that a living tree is a complicated three-dimensional object which has two characteristics, permeability and flexibility. The permeability of a living tree is provided by the branches and leaves, through which the wind passes. The flexibility is provided by the tree's bending bole against a strong wind. In related research, Johnson et al. investigated the drag properties of live dwarf conifers in North America (1) . However, their study is from the viewpoint of meteorology. In this study, an actual young tree was installed in a wind tunnel. The velocity profile in the wake and the drag coefficient of the living tree were measured experimentally.
Experimental Setup
The experiment was carried out in a blow-up type of wind tunnel with a 250-mm high and 250-mm wide working section. The main flow velocity U ∞ was in the range of 5∼15 m/s, which is almost the same velocity as a natural wind. The turbulent level of the main flow was less than 0.3%. The Reynolds number, based on U ∞ and the maximum crown width of a living tree d, is in the range from 18 000 to 56 000. The experimental setup and coordinate system are shown in Fig. 1 . A hot-wire measurement was performed by a constant-temperature hot-wire anemometer with an I-type and split-film type probe. The split-film probe was used for measuring the reverse flow. The drag of a living tree was measured by a 6-axis strain sensor. This sensor is often used to control the fingertip of a robot arm. The 6-axis strain sensor was fixed horizontally on the flat plate. The analog signal from this sensor was sent to a personal computer through an A/D converter. A conifer tree named "goldcrest", which is a needleleaf tree in the cypress family, was used as a typical example of a living tree. The reason for using the conifer is that its leaf shape is similar to the pine used in a windbreak forest. Two of the conifers used for this experiment are shown in Fig. 2 . Conifer #1 has a height h of 170 mm and a maximum crown width d of 57 mm. Conifer #2 has a height h of 125 mm and a width d of 57 mm. Each conifer was different in the flexibility of their bole. The drag coefficient C d was calculated from
D is the drag measured by the 6-axis strain sensor. The projected frontal area A was given as the half area of the product of tree height h and width d. The projected frontal area is indicated as the quadrangle domain drawn by the white outline in Fig. 2 . The blockage ratio of the living tree of about 8% can be neglected because the blow-up type of wind tunnel was employed in this experiment.
Results and Discussion

1 Wake behind a living tree
The wake property behind a living tree is described here. The results in this section were obtained using another conifer which has a height of 280 mm and a maximum crown width of 110 mm in a closed-return type of wind tunnel with a test section 1 200-mm high, 1 500 mmwide and 6 000-mm long. The blockage ratio of this conifer is about 0.9%. Figure 3 shows the mean streamwise velocity U measured by traversing the split-film probe along the wake centerline. For comparison, the results for a normal circular cylinder and a permeable hollow cylinder (2) are also included. The permeable hollow cylinder was made of a wire net wound like a tube. The open area ratio of the wire net was 0.42. It is considered that the eye of the wire net plays the same role as the branches and leaves of a living tree. The diameter of the permeable hollow cylinder was 50 mm. In the case of a normal circular cylinder, the reverse flow region exists just behind the cylinder. On the other hand, in the case of a living tree and permeable hollow cylinder, the reverse flow region exists further downstream at the region of x/d = 2 ∼ 4. Since the main flow passed through the center of the tree's crown, which has the permeability of branches and leaves, the development of shear layer and rollup vortices were also delayed. Figure 4 shows the distributions of the turbulent intensity u in the wake behind a living tree. In the case of the normal circular cylinder, the turbulent intensity has a maximum peak just behind the cylinder. However, in the case of the living tree and the permeable hollow cylinder, both of which have permeability, the turbulent intensity shows the maximum value further downstream from the reverse flow region. The maximum value of the turbulent intensity is less than that of the circular cylinder. It is thought that this is the reason for the general saying that the wind which goes between trees is calm. Figure 5 shows the distribution of the mean streamwise velocity in the horizontal xy plane. It was measured at z/h = 0.5, which is the position of the maximum crown width of tree's crown. The velocity profile just behind a living tree of x/d = 0 shows an asymmetrical distribution with respect to the wake centerline, y/d = 0. This is because the growth conditions of the living tree, which are the branch length or the density of leaves, are also asymmetric. The reverse flow region is at x/d = 2.0 ∼ 4.0, as previously shown in Fig. 3 . The velocity distribution further downstream of x/d = 10.0 shows a flat profile. Figure 6 shows the change of the distribution of the mean streamwise velocity in the xy plane to the tree's height direction. It was found that the wake profile behind a living tree has a complicated three-dimensional structure. Figure 7 shows the change of the distribution of the mean streamwise velocity in the longitudinal xz plane. The velocity deficit after x/d = 4.0, which correspond to the end of reverse flow region, decreased gradually as the flow goes downstream. According to our experimental results, the velocity deficit near the root of the tree recovered in the range over x/d = 10. This result is contradictory to the other result, generally stated, that the effect of a wind- break forest of living trees is about 30 times the distance of a tree's height. This is because our experimental condition does not take the natural boundary layer into consideration. Figure 8 shows the distribution of the turbulent intensity in the horizontal xy plane. The size of the conifer is a height h of 160 mm and a maximum crown width d of 80 mm. There are distinct double peaks, the same as the wake behind a circular cylinder. This suggests that periodic vortex shedding from a living tree may occur, as in a circular cylinder. Figure 9 shows the power spectrums of the velocity fluctuation measured at both sides of the wake centerline. Both spectrums have a dominant peak at 21 Hz. The equivalent diameter to a circular cylinder which was estimated from the peak frequency is about 100 mm. This value agrees with the maximum crown width of a living tree which we used as a test piece. Figure 10 shows the cross-correlation of these velocity fluctuations. In the range over x/d = 4.0, the velocity fluctuation has a high correlation, which indicates periodic vortex shedding. This suggests that periodic vortex shedding from a living tree occurs as in that from a circular cylinder. Figure 11 shows the change of the drag coefficient C d of a living tree. The drag coefficient of a circular cylinder and a flat plate, which are typical two-dimensional bodies measured by our experimental setup, are also included by comparing it with that of a living tree. The flat plate has a 50 mm width and 148 mm length. The drag coefficient of a circular cylinder and a flat plate are almost constant at 1.0 and 1.9, respectively. These values show good agreement with that of other results (3) . It suggests that accurate measurements were made by our experimental setup. The drag coefficient of a living tree, conifer #1, decreased as the main flow velocity increased. The drag coefficient of a living tree is less than that of a circular cylinder and a flat plate in the range of U ∞ > 10 m/s. The minimum C d is 0.8 at a U ∞ of 15 m/s. This is an important characteristic of the drag coefficient of a living tree. However, the drag coefficient of conifer #2 was slightly decreased as compared with that of conifer #1. This is a question to be considered later. The artificial tree, which had an artificial bole made of steel wire, shows a large value C d of 1.5. This value is greater than that of a living tree. This is because the steel wire bole does not bend itself even in a strong wind. It is suggested that the flexibility of the tree's bole greatly affects the flow characteristics of a living tree.
2 Vortex shedding from a living tree
3 Drag coefficient of a living tree
4 Effect of flexibility of the tree bole on drag
As stated above, a living tree has two aerodynamic characteristics, permeability and flexibility. A living tree has a flexible bole which bends itself downstream against a strong wind (the side view shown in Fig. 12 ). It was found that the bole of the conifer bent significantly in the wind. In this state, it should be noted that the net project frontal area was also decreased by the wind when the drag coefficient was decreased. Then, a question arises about the relationship between the drag coefficient and the "net" projected frontal area. One explanation for the decrease of the drag coefficient of a living tree in the wind may be that the projected frontal area in the strong wind is also decreased by the bending bole. In order to investigate this, a photograph of the bending tree which received the wind was taken from the downstream direction (as shown in Fig. 13 (a) ). Then, the change of the net project frontal area with respect to the flow velocity was calculated from the binary pictures (as shown in Fig. 13 (b) ). In the case of conifer #1, the projected frontal area decreased grad- ually as the flow velocity increased. The reason for this is that the bole of conifer #1 was soft and bended significantly against the wind. On the contrary, the projected frontal area of conifer #2 was almost constant because the bole of conifer #2 is hard due to the quantity of wooden material. Thus, it can be said that the tendency of the change of the projected frontal area is different depending on the material properties of a living tree. It will be required to take into consideration the material properties, such as bole softness, when measuring the drag coefficient of a living tree.
Here, we will define the reduction rate of the net projected frontal area as the "bending ratio." It follows that,
A U ∞ =0 is the projected frontal area at flow velocity U ∞ of 0. A large bending ratio means that the bole of a living tree bends largely. Figure 14 indicates the relationship be- tween the bending ratio and the drag force of a living tree in the wind. It was found that the variation of the drag and the bending ratio due to the projected frontal area are not in agreement. The result suggests that there are factors in the drag characteristic of a living tree other than that for the projected frontal area. 3. 5 Effect of permeability of branches and leaves on drag Another factor which affects the drag characteristic of a living tree is the permeability of flow by the branches and leaves. Permeability here is determined by the density of the branches and leaves. In order to clarify the effect of permeability on the drag characteristic, the following experiment was conducted. At first, the permeability of conifer #1 was defined as the clearance area ratio α of the net projected frontal area to the normal projected frontal area of U ∞ = 0 by means of the binary image shown in Fig. 13 . Then, conifer #1' was made by pruning conifer #1, as shown in Fig. 15 . The pruning was performed, taking care not to change the outside shape of the living tree relative to the projected frontal area. The permeability of conifer #1 and #1' was α 1 = 33% and α 1 = 42%, respectively. Figure 16 shows the change of the drag coefficients of conifer #1 and #1' with respect to flow velocity. The value of the projected frontal area in this figure was evaluated on the rectangular approximation at U ∞ = 0. The drag of conifer #1 is greater than that of conifer #1'. This means that the drag decreased when the clearance area ratio increased. As a result, it was found that C d decreased. Moreover, the difference in the drag between conifer #1 and conifer #1' also increased as the flow velocity increased.
Assuming that drag of the conifer decreased in proportion to the increment of the clearance area due to the pruning of the branches and leaves, the drag of conifer #1' can be estimated by the following formula.
Here, D 1 is the drag which was directly measured by the 6-axis torque sensor. If the estimated D 1 estimated is equal to the D 1 measured by the torque sensor, the drag can be predicted from the permeability. It was found that there is some relationship between the drag and the permeability of a living tree. For practical application to prevent the breakdown of the living tree, this relationship can be used to estimate the drag of a living tree.
Conclusion
In this study, wind tunnel experiments were performed with a living tree that is often used for gardening. The flow characteristics around the living tree, such as the drag and wake profile, were investigated experimentally. It was found that the flexibility of the bole of a living tree and the permeability of the branches and leaves has a great effect on the drag property. The definition of the permeability for flow characteristics is a subject for future study.
